Nutrient sensing is critical for plant adaptation to the environment. Because of extensive farming and erosion, low content of mineral nutrients such as potassium (K ؉ ) in soils becomes a limiting factor for plant growth. In response to low-K conditions, plants enhance their capability of K ؉ uptake through an unknown signaling mechanism. Here we report the identification of a Ca 2؉ -dependent pathway for low-K response in Arabidopsis. We are not aware of any other example of a molecular pathway for a nutrient response in plants. Earlier genetic analyses revealed three genes encoding two Ca 2؉ sensors (CBL1 and CBL9) and their target protein kinase (CIPK23) to be critical for plant growth on low-K media and for stomatal regulation, indicating that these calcium signaling components participate in the low-K response and turgor regulation. In this study, we show that the protein kinase CIPK23 interacted with, and phosphorylated, a voltage-gated inward K ؉ channel (AKT1) required for K ؉ acquisition in Arabidopsis. In the Xenopus oocyte system, our studies showed that interacting calcium sensors (CBL1 and CBL9) together with target kinase CIPK23, but not either component alone, activated the AKT1 channel in a Ca 2؉ -dependent manner, connecting the Ca 2؉ signal to enhanced K ؉ uptake through activation of a K ؉ channel. Disruption of both CBL1 and CBL9 or CIPK23 gene in Arabidopsis reduced the AKT1 activity in the mutant roots, confirming that the Ca 2؉ -CBL-CIPK pathway functions to orchestrate transporting activities in planta according to external K ؉ availability.
P
lants and microbes are able to adapt to widely varying environmental conditions, including the availability of inorganic nutrients. The response to K ϩ is especially relevant because it is the major inorganic osmoticum that contributes to turgor pressure and, hence, to cellular growth and development (1, 2) . Both plants and fungi maintain internal K ϩ near 100 mM even when extracellular K ϩ varies between 1 M and 100 mM (i.e., over five orders of magnitude in free concentration). A large collection of transporters is required for this homeostatic mechanism (3-6), yet little is known about the mechanism underlying regulation and integration of the transport activities in concert with the extracellular K ϩ levels. Some studies suggest that plants enhance their capability of K ϩ uptake by activating some K ϩ transporters in response to K ϩ -deficient conditions (7) (8) (9) (10) . A signaling process exists for the plants to ' 'monitor'' external K ϩ concentration and ''respond'' to the low-K condition by enhancing the capability for K ϩ acquisition. This signaling pathway represents a typical nutrient sensing and response process in plants about which our knowledge is extremely limited. One recent study indicates that low-K status in the soil triggers elevated production of H 2 O 2 that may serve as a signaling molecule to alter the expression of certain genes (11) . Because H 2 O 2 production leads to Ca 2ϩ changes in plant cells (12, 13) , it is conceivable that Ca 2ϩ functions as a second messenger in plant response to low-K stress. How does a Ca 2ϩ signal translate low-K stimulus into enhanced K ϩ uptake in plants?
Calcium signaling in both plants and animals involves Ca 2ϩ -binding proteins as initial sensors. Calcineurin B-like (CBL) proteins are a unique family of calcium sensors in plants (14, 15) . The CBL proteins function by interacting with and regulating a unique family of plant protein kinases (called CIPKs for CBL-interacting protein kinases) (15) (16) (17) (18) (19) . The presence of multigene families of CBLs and CIPKs in Arabidopsis suggests that CBL-CIPK network may be involved in a number of signaling processes in plants (20 -22, ‡) . Using a genetics approach to dissecting the function of the CBL and CIPK genes, we identified two CBLs (CBL1 and CBL9) that play specific roles in stress responses and response to abscisic acid (ABA) (20, 21) . In addition, CBL1 and CBL9 also have redundant functions in the regulation of low-K response and stomatal movements. These two CBLs share a common interacting kinase, CIPK23, that is also required for low-K response and stomatal regulation in Arabidopsis.
‡ . However, it was not known how this CBL-CIPK pathway regulates K ϩ uptake or stomatal response. Here we report the identification of AKT1, a voltage-gated K channel, as a downstream target of the CBL1͞9 -CIPK23 pathway. The CBL-CIPK complex interacted with and activated AKT1 in a Ca 2ϩ -dependent manner, enhancing K ϩ uptake in Arabidopsis under low-K conditions.
Results and Discussion
CIPK23 Interacts with and Phosphorylates the AKT1 K ؉ Channel.
Genetic analysis of the CBL1͞CBL9 and CIPK23 genes showed that they are important for K uptake in roots and regulation of stomatal movements. ‡ We hypothesized that the CBL-CIPK pathway interacts with and regulates the activity of a transport protein or proteins involved in K ϩ uptake in the roots and in turgor regulation of stomatal guard cells. To test this possibility, we examined the potential physical interaction between CIPK23 and a number of K ϩ transporters by using a yeast two-hybrid assay. To avoid interference of the transmembrane domains in the transporters, we used the putative cytoplasmic hydrophilic domains of the transporters in the interaction assays. We chose representative members in different subfamilies of K transporters as described earlier (3) . Among the transporters tested, we found that only the C-terminal domain of AKT1, a voltage-gated shaker-type K channel (24, 25) , interacted with CIPK23 (Fig.  1A) . The AKT1 protein did not interact with CIPK3, a CIPK involved in abscisic acid response (22) and several other CIPKs (Fig. 1B) , indicating specific interaction of AKT1 with CIPK23.
It is possible that CIPK23 interacts with AKT1 and targets the AKT1 protein as a substrate. We tested this possibility by in vitro phosphorylation assay. The CIPK23 protein was expressed in Escherichia coli (prokaryotic system) or Xenopus laevis oocytes (eukaryotic system). Although a large amount of CIPK23 protein was purified from E. coli, we detected little activity of CIPK23 in a typical kinase assay (data not shown). We purified the CIPK23 protein from oocytes after coexpression of CIPK23 and CBL1. This form of kinase was more active and showed both autokinase activity and phosphorylation against AKT1-GST fusion (Fig. 1C) . The GST fusion with a cyclophilin protein ROC4 was not phosphorylated by CIPK23, indicating that CIPK23 uses AKT1 as a specific substrate.
Activation of AKT1 by the CBL-CIPK Pathway. Earlier studies have shown that AKT1 plays a critical role in plant growth under low-K conditions (24) . The akt1 mutant, like cipk23 or cbl1cbl9 double mutant, ‡ displayed hypersensitivity to low K ϩ . Together with our findings on CIPK23-AKT1 interaction and CBL1͞9-CIPK23 function in K ϩ uptake, we proposed a model signaling pathway for plant response to low-K stress: calcium changes under low-K condition activate CBL1 or CBL9 calcium sensor that interacts and activates the target kinase CIPK23. The active CIPK23 interacts and phosphorylates inward K-channel AKT1, leading to activation of AKT1 and enhanced K ϩ uptake in plants. To test this model, we reconstituted the Ca 2ϩ -CBL-CIPK-AKT1 pathway in Xenopus oocytes, where ion channel activity can be readily studied by the electrophysiological approach (26) (27) (28) . When AKT1 was expressed alone in the oocytes, no inward K ϩ current was recorded by using the two-electrode voltage-clamp procedure ( Fig. 2A) , consistent with an earlier report that AKT1 channel was not active in oocytes (25) . Upon coexpression of AKT1 and CIPK23, a low level of AKT1 activity was detected (Fig. 2B) , suggesting that CIPK23 alone was active to some extent in the activation of the AKT1 channel. After coexpression of AKT1, CIPK23, and CBL1, AKT1 activity was dramatically enhanced ( (Fig. 2D ) although to a lesser extent, indicating that both CBL1 and CBL9 are capable of activating CIPK23. Coexpression of other combinations (AKT1 with CBL1 or CBL9; CBL1 with CIPK23) did not produce significant current (data not shown), confirming that the current is produced by AKT1, whose activity requires the CBL-CIPK complex. To confirm that the current produced by AKT1 channel is K ϩ -dependent as it should be (25), we determined the channel activity with various K ϩ concentrations in the bath solution, and we found that the current was proportional to [K ϩ ] and showed a kinetics of activation with AKT1 similar to that reported earlier ( Fig. 3A) (25) . In addition, tail current analysis at various K ϩ concentrations (Fig. 3B ) also indicated that the shift in the 
The current traces depict time-dependent channel opening kinetics at different voltages. The current-voltage (I-V) curves in E plot current values at the end of each voltage-clamp episode (t ϭ 0.5 s, n ϭ 5 for each group). The bath solution contained 100 mM KCl. Holding potential was Ϫ20 mV. Clamp potentials ranged from ϩ48 to Ϫ120 mV with a Ϫ12-mV step.
reverse potential is consistent with the fact that AKT1 is an inward K ϩ channel.
Regulation of AKT1 by CBL-CIPK Involves Modulation of the Channel
Activity and Requires Kinase Activity of CIPK23. Activation of AKT1 channel by the CBL-CIPK regime may be achieved through two possible mechanisms. The first one is that CBL-CIPK facilitates the expression and plasma membrane localization of AKT1 and the second is the activation of the channel already assembled into the membrane. Our studies using AKT1-GFP fusion showed that AKT1 protein can be expressed and targeted to the plasma membrane without the need of the CBL-CIPK complex. Coexpression of CBL1-CIPK23 with AKT1-GFP did not have a significant effect on the level of AKT1-GFP fusion in the plasma membrane (Fig. 4A) . It is therefore likely that the CBL-CIPK ''complex'' phosphorylates the AKT1 protein, leading to activation of its channel activity. In this regard, we tested whether the kinase activity is essential for the activation of AKT1. We mutated the ATP-binding lysine in the CIPK23 protein resulting in loss of its kinase activity (Fig. 4B) . We coexpressed this form of ''dead'' kinase with CBL1 and AKT1 in the oocytes and found that AKT1 was no longer active ( Fig. 4C) , demonstrating that AKT1 phosphorylation by CIPK23 is required for AKT1 activation.
Activation of AKT1 by CBL-CIPK Is Ca 2؉ -Dependent. Because CBLs are calcium sensors, we tested whether Ca 2ϩ is required for the CBL-CIPK activation of the AKT1 channel by a giant-patch recording procedure (26) . In this procedure, a patch of membrane was excised from an oocyte cell surface so that the membrane retained an inside-out configuration. Although the cytoplasmic side of the membrane was exposed to the bath solution and was detached from the cytoplasm of the oocyte, the CBL-CIPK complex should be associated with the membrane through interaction with the C-terminal domain of the AKT1 channel. If this is true, the AKT1 channel in the excised membrane should be active in the presence of MgATP and Ca 2ϩ to maintain the activation of the AKT1 by the Ca 2ϩ -CBL-CIPK pathway. This was indeed the case. After the patch of membrane was excised, the AKT1 current was retained in the bath solution containing MgATP and Ca 2ϩ (Fig. 5A) . If CBL-CIPK regulation of AKT1 depends on Ca 2ϩ , the channel activity should go down when the bath is perfused with the solution containing MgATP but not Ca 2ϩ . As shown in Fig. 5A , bath perfusion with solution lacking Ca 2ϩ almost abolished the AKT1 currents. Further perfusion with Ca 2ϩ -containing solution restored the AKT1 current, demonstrating that the activation of AKT1 by the CBL-CIPK complex is reversible and requires Ca 2ϩ . As an additional test, we also injected EGTA into the oocyte by using Holding potential was Ϫ20 mV. Clamp potential ranged from ϩ48 to Ϫ120 with a Ϫ12-mV step. (B) Tail currents were obtained by activating the time-dependent currents with a 4-s pulse to Ϫ100 mV from holding potential of Ϫ40 mV followed by a step from ϩ80 to Ϫ115 mV (a, 10 mM K ϩ ; b, 100 mM K ϩ ). Representative I-V plots of steady-state currents under the same recording condition are shown in c. a third pipette in a two-electrode voltage-clamp configuration and found that EGTA significantly reduced the AKT1 currents in the oocytes coexpressing CBL1-CIPK23-AKT1 (Fig. 5B) .
Injection of water instead of EDTA did not have any effect (data not shown).
CBL-CIPK Pathway Regulates AKT1 Activity in Planta. The Ca 2ϩ -CBL-CIPK-AKT1 pathway was reconstituted in the oocyte system, confirming that AKT1 channel is the target for the Ca 2ϩ -dependent signaling pathway involving two calcium sensors and their interacting kinase. If this pathway operates in planta, disruption of this pathway by mutation of CIPK23 or the CBLs should reduce the activity of the AKT1 channel in Arabidopsis roots. We examined the AKT1 activity in the roots from the wild-type, cipk23 mutant, and cbl1cbl9 double mutant by patch-clamp recording using isolated protoplasts. As described earlier (24, 29, 30) , the root hair protoplasts displayed both inward and outward K ϩ currents and the AKT1 activity is the predominant contributor to the inward K ϩ current in root hair cells (24, 30) . We show here that the same inward current in the root hair cells was significantly reduced in the cipk23 mutant or in the cbl1cbl9 double mutant (Fig. 6) , confirming that the CBL-CIPK pathway is essential for the optimal function of AKT1 in vivo. The outward K ϩ currents in the same protoplasts were not altered in the mutants, consistent with the idea that CIPK23 specifically interacts with and regulates the activity of AKT1 but not other channels.
K channels are involved in numerous other processes (besides K uptake in roots) such as turgor regulation in guard cells (4, 31) . In the context of AKT1 regulation by the CBL-CIPK pathway, it is important to note that the same CBL-CIPK pathway was also shown to regulate stomatal movement in Arabidopsis. ‡ However, it is not known whether AKT1 or other transporter(s) serves as the downstream target of CBL-CIPK in turgor regulation of guard cells. Further analysis of ion channel activities in guard cells in the cbl1cbl9 and cipk23 mutants will resolve the mechanism of CBL-CIPK action in stomatal regulation. We speculate that the CBL-CIPK network constitutes a critical regulatory circuit for the regulation of ionic transports in plants.
Concluding Remarks. Nutrient sensing is an ancient mechanism for environmental adaptation of organisms such as plants and bacteria (6, 32) . A low-K condition in the environment is a rate-limiting factor for plant growth. In response to such a condition, plants initiate mechanisms to enhance their K ϩ -uptake capability (6) , which represents an effective strategy to survive and adapt to the low-K environment. Using a combination of genetic, biochemical, and electrophysiological approaches, we have uncovered a comprehensive signaling pathway for the low-K response in Arabidopsis, providing an example of nutrient response mechanism in plants. This pathway involves two calcium sensors (CBL1 and CBL9) physically interacting with their target protein kinase CIPK23, which, in turn, interacts with and phosphorylates the voltage-gated K channel, AKT1. Activation of the CBL-CIPK pathway by Ca 2ϩ triggers the activation of the AKT1 channel, enhancing K ϩ uptake by roots. As a result, disruption of the genes encoding the calcium sensors or the kinase in Arabidopsis plants leads to reduced AKT1 channel activity in root cells (this study), lowers K ϩ uptake, and results in a hypersensitive response to low-K.
‡ Fig. 7 presents a schematic model of this pathway.
Potassium is the most abundant inorganic cation in plants, constituting up to 5-10% of a plant's dry weight (1, 2) . The essential role of K ϩ in plant growth has long been recognized, and early physiological studies identified a number of symptoms associated with K ϩ deficiency (2). Because low K in the soil has been an ongoing condition, plants have evolved mechanisms to adapt by enhancing K ϩ uptake in the roots (6) . Strong evidence supports that the voltage-gated K channel AKT1 participates in low-K response as a downstream effector molecule (10, 24, 30) . Because AKT1 mRNA is not elevated by low-K treatment (33), to Ϫ130 mV with a Ϫ13-mV step. (B) Inhibition of the AKT1 activity by injection of EGTA into the oocytes. The third pipette (besides the two electrodes for voltage clamping) was introduced to inject EGTA (23 nl, 500 mM) into the oocytes. The currents before injection and 10 min and 20 min after injection were recorded. The bath solution contained 100 mM KCl. Holding potential was Ϫ20 mV. Clamp potentials ranged from ϩ48 to Ϫ132 mV with a Ϫ12-mV step. Fig. 6 . Reduced AKT1 activity in the cipk23 and cbl1cbl9 mutants. Voltageand time-dependent activity of inward and outward K ϩ currents in the root hair protoplasts from wild type, cbl1cbl9 double mutant, and cipk23 mutant were recorded in a whole-cell configuration. Current traces represent typical recordings obtained in five independent experiments. The I-V curves of K ϩ steady-state current values were derived as mean Ϯ SE from five independent experiments (each experiment recorded three cells for each sample; n ϭ 15). The bath and pipette solutions were the same as described in ref. 29 . Voltageclamp protocols were applied from a holding potential of Ϫ40 mV in the range from ϩ65 mV to Ϫ188 mV with a Ϫ23-mV step.
activation of AKT1 by low-K signal may occur at the posttranslational level. Our study here has demonstrated that AKT1 is activated by a Ca 2ϩ -dependent signaling mechanism involving a protein kinase directly interacting with and phosphorylating the AKT1 protein. To our knowledge, this is the first case in which plant ion channel is activated by a protein kinase through direct protein-protein interaction and phosphorylation, setting the stage for further mechanistic analysis of AKT1 regulation by CIPK23 or other CIPKs and for the regulation of other ion channels by protein phosphorylation in plants.
Production of Recombinant Proteins and Protein Kinase Activity
Assay. To produce the CIPK23-GST protein in Xenopus oocytes, the CIPK23 cDNA was cloned into pGEX4T-3 vector and then the CIPK23-GST cassette was cloned into pGEMHE vector for expression in Xenopus oocytes. The complementary RNA (cRNA) production and injection procedure was described previously (26) . After injection, oocytes were incubated for 2 days and harvested to purify the GST-CIPK23 protein as follows. Oocytes were washed in 1ϫ TBS (50 mM Tris⅐HCl, pH 7.6͞0.15 M NaCl) and lysed by pipetting up and down in extraction buffer (1ϫ TBS͞protease inhibitor mixture͞0.1% Triton X-100͞50 mM 2-glycerophosphate͞1 mM sodium orthovanadate͞1 mM sodium fluoride). The cytosolic fraction was separated by centrifugation at 13,800 ϫ g for 10 min. Lysates were incubated with glutathione-Sepharose beads for 2 h at 4°C with moderate mixing. The beads were washed four times with extraction buffer and eluted by 10 mM glutathione in 1ϫ TBS. The protein purity and quantity were determined by SDS͞PAGE and silver stain.
The GST-AKT1 fusion protein was produced in E. coli after the cytoplasmic C-terminal domain of AKT1 was cloned into pGEX4T-3 vector. The primers used for cloning were AKT1F, 5Ј-GACTAGGA AT TCTAGAGATACA ATCCA AGC-3Ј; AKT1R, 5Ј-GTTTCTGTCGACGTTAAGAATCAGTTG-CAAAG-3Ј with restriction sites underlined. Phosphorylation assays were performed as follows. The kinase buffer includes 20 mM Tris⅐HCl (pH 8.0), 5 mM MgCl 2 , 1 mM CaCl 2 , and 1 mM DTT. Kinase reactions were performed in 30 l of kinase buffer supplemented with 15 Ci (1 Ci ϭ 37 kBq) of [␥-
32 P]ATP for 20 min at 30°C. Reactions were stopped by addition of 8 l of 6ϫ Laemmli buffer, and half of the reaction mixture was separated by SDS͞PAGE. The gel was dried and 32 P was detected by autoradiography using a Typhoon 8600 imager (Molecular Dynamics, Piscataway, NJ).
Protein Expression in Xenopus Oocytes. To express proteins in Xenopus oocytes for the electrophysiological procedures, CBL1, CBL9, CIPK23, and AKT1 genes were cloned into the pGEMHE oocyte expression vector (26) . The cDNAs were amplified by PCR using the following gene-specific primers: CBL1F, 5Ј-AATTCCCGGGATGGGCTGCTTCCACTCAAAGGCAGC- A schematic model of the Ca 2ϩ -dependent pathway for low-K response in Arabidopsis (see details in Concluding Remarks). ROS, reactive oxygen species.
3Ј; CBL1R, 5Ј-AATTGAATTCTCATGTGGCAATCTCATC-GACC-3Ј; CBL9F, 5Ј-GTCATGAATTCATGGGTTGTTTC-CATTCCACG-3Ј; CBL9R, 5Ј-CTTGTCTTCTAGACGTCG-CAATCTCGTCCA-3Ј; AKT1F, 5Ј-GCCAAGATCTAAAA-ACGTCGGTGATGAGAG-3Ј; AKT1R, 5Ј-GGCAGAGAAT-TCCTATGGTTGTTAAGAATC-3Ј; CIPK23F, 5Ј-TATA-GAGCCCGGGATGGCTTCTCGAACAAC-3Ј; CIPK23R, 5Ј-GTAAACTCTAGATGTCGACTGTTTTGCAATTG-3Ј; For making AKT1-GFP fusion, the GFP tag was amplified by PCR and inserted in-frame to the C terminus of the AKT1 into BamHI-XbaI sites of pGEMHE-AKT1. All of the PCRgenerated constructs were verified by sequencing to avoid mutated clones.
To make the dead kinase CIPK23 mutant, the ATP-binding Lys at the 60th amino acid position was changed into Asn by using PCR site-directed mutagenesis. The CIPK23-GST clone in the pGEMHE vector was used as template and amplified by using the following primer pairs (underlined nucleotides encode the mutated residue): F5Ј-TGATAATGTCGCTATTAACGT-TATTGATAAAGAGAAAG-3Ј; R5Ј-CTTTCTCTTTAT-CAATAACGTTAATAGCGACATTATCA-3Ј.
Electrophysiological Procedures. Oocyte expression and voltageclamp recording were performed as described in ref. 26 . The capped cRNA was transcribed with T7 RNA polymerase by using the mMESSAGE mMACHINE T7 RNA transcription Kit (Ambion, Austin, TX). The cRNA quality was checked by agarose gel electrophoresis. The concentration was determined by A 260 ͞A 280 and adjusted to final concentration of 0.5 g͞l. Freshly isolated Xenopus oocytes were injected with 23 nl of cRNA and used for voltage-clamp experiments 2-3 days after injection. Electrophysiological experiments were performed by using a two-electrode voltage-clamp amplifier as described previously with some modifications. Unless otherwise indicated, the solutions used in two-electrode voltage clamp were as follows. The oocytes were bathed with a solution containing 100 mM KCl, 2 mM MgCl 2 , 1 mM CaCl 2 , and 10 mM Hepes (pH 7.3) and perfused with the same solution. The exact procedure described in Liu and Luan (26) was followed in giant-patch recordings except that the bath solution contained 1 mM potassium gluconate, 183 mM mannitol, 10 mM Hepes (pH 7.3), 2 mM MgATP, with or without 2 mM calcium gluconate. The pipette solution consisted of 140 mM potassium gluconate, 2 mM MgCl 2 , and 10 mM Hepes (pH 7.3).
For the measurement of inward currents in Arabidopsis root cells, both protoplast isolation and electrophysiological procedure were performed according to Ivashikina et al. (29) . Patchclamp recordings were conducted in the whole-cell mode and currents recorded from the wild type (Col-0), cipk23 mutant, and cbl1cbl9 double mutant were compared. The voltage protocols used for two-electrode, giant-patch, and patch-clamp recordings are described in figure legends.
